ABSTRACT: Neointimal cushion formation (NCF) is an important vascular remodeling for anatomical closure of the ductus arteriosus (DA). Inflammatory responses to vascular injury or atherosclerosis are known to be associated with the pathogenesis of NCF. We found that the expression of interleukin (IL)-15 mRNA was significantly higher in rat DA than in the aorta. IL-15 immunoreactivity was detected predominantly in the internal elastic laminae (IEL) and to a lesser extent in smooth muscle cells (SMCs) in rat DA. Prostaglandin E (PGE) increased the expression of IL-15 mRNA in cultured DA SMCs. IL-15 significantly attenuated the platelet-derived growth factor (PDGF)-BB-mediated SMC proliferation, but did not change SMC migration. IL-15 significantly attenuated PGE 1 -induced hyaluronic acid (HA) production in a dose-dependent manner, which is a potent stimulator of NCF. Accordingly, IL-15 might have an inhibitory effect on the physiologic vascular remodeling processes in closing the DA. (Pediatr Res 62: 392-398, 2007) 
T he ductus arteriosus (DA), a fetal arterial connection between the main pulmonary artery and the descending aorta, closes immediately after birth. During the first few hours after birth in term newborns, there is acute and functional closure as a result of the DA's smooth muscle contraction, which is triggered by an increase in oxygen tension and a decline in circulating prostaglandin E (PGE 2 ) (1). It is important that before this, an anatomical luminal narrowing develops through neointimal cushion formation (NCF) that occludes the vascular lumen and gives rise to a permanent closure (2, 3) . The neointimal cushion of DA is formed by many cellular processes, including smooth muscle cell (SMC) migration and proliferation, extracellular matrix production under the endothelial layer, and decreased elastin fiber assembly (1) (2) (3) (4) (5) . It is interesting that this physiologic process of NCF in the DA closely resembles the pathologic process of NCF caused by vascular injury or atherosclerosis in adult arteries (6) .
Inflammatory responses to vascular injury or atherosclerosis are known to be associated with the pathogenesis of NCF (7) (8) (9) . Recent studies have demonstrated that several proinflammatory cytokines play an essential role during such vascular remodeling (10, 11) . Accordingly, cytokines might play a role in physiologic vascular remodeling processes and thus permanent closure in the DA. In this regard, Waleh et al. (12) demonstrated that after postnatal constriction, certain types of cytokines were associated with the accumulation of monocytes/macrophages on the ductus wall that may regulate neointimal remodeling. However, a limited number of studies investigated the relationship between cytokine and DA closure (12) (13) (14) , and the precise role of cytokines in the vascular remodeling process in DA remains poorly understood. It is important that perinatal inflammation sometimes retards the postnatal closure of the DA (15) , although the mechanism has not been fully understood. Further maternal infection such as rubella causes congenital patent DA in a child (16) . Using DNA microarray analysis, we found that the expression of IL-15, a proinflammatory cytokine, was significantly higher in the DA than in the aorta (unpublished data). IL-15 exhibits many immunologic actions such as stimulation of T-cell proliferation and chemotaxis, natural killer cell growth, secretion of interferon-gamma (IFN-␥), granulocyte/macrophage colonystimulating factor, and tumor necrosis factor ␣ (TNF-␣) (17) (18) (19) . Because IL-15 has been detected in atherosclerotic plaques (20, 21) and attenuates NCF after arterial injury (22) , we investigated the role of IL-15 in the physiologic vascular remodeling of the DA.
RESULTS
Expression of IL-15 and IL-15 receptors in rat DA. Our DNA microarray analyses revealed that the expression level of IL-15 mRNA was greater in the DA than in the aorta during development (unpublished data). The present quantitative RT-PCR analyses confirmed the higher expression levels of IL-15 in the DA than in the aorta at all developmental stages. The expression levels of IL-15 became maximal at e21 (full term) in the DA (Fig. 1A) . Because IL-15 uses a trimeric receptor consisting of IL-15R␣, IL-2R␤, and IL-2R␥, we examined the expression of them in the DA. We found that the mRNAs of all these receptors were expressed in DA tissues (Fig. 1B) as well as in primary cultured SMCs from rat DA. The expression of IL-2R␣ mRNA was not detected in the DA (data not shown).
We then examined the localization of IL-15 in the DA and aorta at e21 and birth. IL-15 immunoreactivity was detected most abundantly in the internal elastic laminae (IEL), less abundantly in SMCs, and even less in the endothelial cells of the DA at e21 ( Fig. 2A) . It is interesting that the abundant immunostaining of IL-15 was not observed in the IEL of the aorta in the same sections and was rather strong in the adventitia ( Fig. 2A) . At birth, the DA's lumen was filled with cells that were mostly of SMC origin. The immunoreactivity of IL-15 in the IEL of the DA became more apparent, whereas only weak immunostaining was detected in the IEL of the aorta (Fig. 2B) . Furthermore, we examined the localization of IL-15R␣, IL-2R␤, and IL-2R␥ in DA. None of the IL-15 receptors exhibited the same localization with IL-15. They were strong in the region of the inner layer of DA at e21 and in the region of the central core of the lumen at birth (Fig. 3) .
Positive feedback loop of the expression between IL-15 and EP4. Because the expression of EP4 mRNA was also maximal at e21 in the DA (24) and because previous studies (25-27), we hypothesized that EP4 stimuli may regulate the expression of IL-15 mRNA or vice versa. By using cultured DA SMCs, we found that ONO-AE1-329 (10 Ϫ6 M), a selective EP4 agonist, markedly increased the expression of IL-15 mRNA (Fig. 4A) . Recombinant rat IL-15 (50 ng/mL) significantly increased the expression of EP4 mRNA after 2 h in cultured DA SMCs (Fig. 4B) .
Effect of IL-15 on DA SMC proliferation. SMC proliferation plays an essential role in NCF in developing the DA, especially in the late gestation. Therefore, we investigated the effects of IL-15 on proliferation using DA SMCs in primary culture from rat DA at e21. Because our recent study demonstrated that PGE 1/2 plays important roles not only in regulating vascular tone, but also in the vascular remodeling process in the DA (24), we investigated the synergistic effect of IL-15 on DA SMC proliferation in the presence of PGE 1 (Fig. 5B) . We also found that IL15 reduced [
3 H]thymidine incorporation by 14 Ϯ 2%, even in the presence of indomethacin (10 Ϫ6 mg/mL), a cyclooxygenase inhibitor (Fig.  5A) . These results suggest that the inhibitory effect of IL-15 on SMC proliferation is independent of the PGE pathway.
Because IL-15 and IL-2 have similar biological activities through binding to the common IL-2R␤ and IL-2R␥, we investigated the effect of IL-2 on DA SMC proliferation. IL-2 (up to 30 ng/mL) had no significant effect on [ 3 H]thymidine incorporation in DA SMCs (data not shown), which may be expected because IL-2R␣ was absent in DA.
Effects of IL-15 on DA SMC migration. Because SMC migration from vascular media into the subendothelial layer is an important vascular remodeling process of NCF, we investigated the effects of IL-15 on DA SMC migration. IL-15 (50 ng/mL) exhibited no significant effect on SMC migration either in the absence or presence of PDGF-BB (10 ng/mL) (Fig. 6) .
Effect of IL-15 on HA production in DA SMCs. HA is an important component of the intimal cushion, and HA-rich matrices are essential for cell migration and proliferation in the DA (24) . Because a previous study demonstrated that IL-15 increased HA expression in the endothelial cells (28) and because our recent study uncovered that PGE 1 is a potent stimulator of HA production in DA SMCs (24), we investigated whether IL-15 altered basal and PGE 1 -induced HA production in DA SMCs. Although IL-15 had no effect on basal HA production, it significantly attenuated PGE 1 -induced HA production in a dose-dependent manner (Fig. 7A, B) . We have demonstrated that TGF␤ significantly increased HA production in DA SMCs (24) and that IL-6, IL-8, and soluble TNF receptor 1 were significantly elevated in the cord blood of premature infants with chronic lung disease (29) . Therefore, we also investigated the effects of other cytokines. In the basal condition, these cytokines (except TGF␤) had no effect on HA production in DA SMCs. Only IFN-␥ slightly decreased HA production in the presence of PGE 1 (Fig. 7C) . Although the stimulatory effect of TGF␤ was much weaker in DA than that of PGE 1 in the basal condition (24), a marked increase in HA production was induced by coincubation of TGF␤ and PGE 1 .
Effect of IL-15 on the expression of fractalkine and CX3CR1 mRNA. Because IL-15 is known to suppress CX3CR1 chemokine signaling, which is involved in atherogenesis and promotes SMC proliferation (22), we examined the effect of IL-15 on the expression of fractalkine and its receptor CX3CR1 mRNA, using the same samples as described above. IL-15 significantly decreased the expression of CX3CR1, but not fractalkine mRNA, in DA SMCs (Fig. 8) .
DISCUSSION
The present study demonstrated that IL-15, a proinflammatory cytokine, inhibited both SMC proliferation and HA accumulation that promote NCF in the DA. IL-15 has been known to be up-regulated in both human and animal atherosclerotic lesions and to induce antigen-independent T-cell activation during atherogenesis (20, 21) . These studies have demonstrated that IL-15 inhibits SMC migration and thus NCF. Instead of pathogenic vascular remodeling, to our knowledge, this is the first study demonstrating that IL-15 also plays a role in physiologic vascular remodeling in a developing vessel. A recent study indicated that IL-15 suppressed CX3CR1 chemokine signaling (22) , which is consistent with the present result showing that IL-15 decreased the expression of CX3CR1 mRNA in DA SMCs. Because CX3CR1 chemokine signaling promotes SMC proliferation and thus NCF (30 -32) , the down-regulation of CX3CR1 could be, in part, a mechanism of the inhibitory effect of IL-15 on DA SMC proliferation.
Because no inflammatory cells were detected in the region where IL-15 was expressed in the DA in the present study, the mechanism of induction of IL-15 is an important question. Waleh et al. (12) demonstrated that ischemia initiated an activate inflammatory response that affected the vascular remodeling process in postnatal DA. They showed that several cytokines, including IL-8, were up-regulated in the DA wall, although the authors did not refer to IL-15 in their study (12) . However, we think that IL-15 is unlikely to be induced by ischemia because the expression levels of IL-15 mRNA were predominant at e21 when blood was sufficiently supplied to DA. Instead, the present study suggested that PGE could be a trigger of physiologic induction of IL-15 in developing DA because we found that PGE stimulation increased the expression of IL-15 mRNA in DA SMCs. In this regard, previous studies have also demonstrated that PGE or cyclooxygenases regulated the expression of IL-15 in various types of cells (25) (26) (27) . Because DA is more sensitive to PGE stimulation than the other vessels, our result may explain the higher expression level of IL-15 mRNA in the DA than in the aorta. Furthermore, we also found that IL-15 up-regulated the expression of EP4 mRNA, suggesting that there is a positive feedback loop to increase the expression of EP4 and IL-15 mRNAs without inflammation.
The second important question is why IL-15 was predominantly expressed in the IEL of DA. Angiolillo et al. (33) demonstrated that IL-15, which binds to endothelial cells, stimulates angiogenesis. Other previous studies have demonstrated that IL-15 was expressed predominantly in endothelial cells of normal carotid arteries and in the media and neointima of injured carotid arteries (20, 22) . Although we also found that IL-15 was expressed in the media and endothelial cells in the DA, it abundantly attained the IEL in the DA. We examined the localization of IL-15 receptors, but none of them exhibited similar distribution with IL-15. TGF␤ is known to bind to latent TGF␤ binding proteins, which play an important role in the secretion and storage of TGF␤ in extracellular matrix (34, 35) . Therefore, IL-15 may bind its unknown binding protein(s) in IEL in DA. The other possibility is that the IEL may produce IL-15 in DA. Although the precise mechanism of the abundant accumulation of IL-15 to the IEL remains unknown, it is of great interest to further investigate the role of IL-15 in the formation of elastin assembly in the DA. NCF consists of the separation of endothelial cells from the IEL and impaired elastin assembly followed by a migration of SMCs into the subendothelial region (1, 5, 36) . The failure of this process could result in the formation of a subendothelial elastic lamina, which is a common denominator in the histology of a persistent DA (5, 37) . Further study of the role of IL-15 in the formation of a subendothelial elastic lamina in persistent DA is warranted.
It has been reported that HA production from endothelial cells is important for the start of NCF in dog DA and that no subendothelial HA accumulation was observed in the persistent DA (37) . In addition to endothelial cells, we have recently demonstrated that PGE 2 -EP4 accumulated HA production from DA SMCs, which also play an important role in promoting NCF in the DA (24) . The present study demonstrated that IL-15 suppressed PGE-mediated HA production in DA SMCs, which is contrary to a previous result obtained from murine microvascular venular endothelial cells (28) . However, Estess et al. (28) also demonstrated that IL-15 had no effect on the expression of HA by a murine lung capillary endothelial cell line or by human umbilical vein endothelial cells. Therefore, the effect of IL-15 on HA production may vary in tissues and/or species. Although the effect of IL-15 on HA production has not been evaluated in DA endothelial cells, we assume that the IL-15-mediated suppression of HA production in SMCs would be an inhibitory factor for NCF in the DA. Our results suggested that IL-15 may inhibit this formation through suppression of SMC proliferation and HA production, as investigated in vascular injury (22) . In late gestation, several stimuli including PGE 2, promote NCF and structural closure of the vascular lumen. IL-15 may counteract such effects to prevent exceeding NCF in the DA in late gestation. In this regard, it is intriguing to investigate whether IL-15 might also contribute to the retardation of DA closure when it is further induced by inflammation because the incidence of a patent DA was higher in premature infants with inflammation (15) .
In conclusion, IL-15 was predominantly expressed in rat DA, especially in the IEL. PGE may be a trigger of the induction of IL-15 in the DA. IL-15 significantly attenuated the PDGF-BB-mediated SMC proliferation and PGE 1 -induced HA production in a dose-dependent manner. Therefore, IL-15 might inhibit physiologic vascular remodeling processes in closing the DA and contribute to the pathogenesis of persistent DA. Further investigation is apparently required to understand the precise role of IL-15 in the vascular remodeling in the DA.
